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Abstract 
The utilization of the lime (Citrus aurantifolia) peel as a template can improve the adsorbent’s structural proper-
ties, which consequently affect its CO2 uptake capacity. Herein, a mesoporous magnesium oxide (MgO-lime (Citrus 
aurantifolia) peel template (LPT)) adsorbent was synthesized using an LPT. MgO-LPT demonstrated improved 
structural properties and excellent CO2 uptake capacity. Moreover, another MgO adsorbent was prepared via ther-
mal decomposition (MgO-TD) for comparison. The prepared adsorbents were characterized by N2 physisorption, 
Fourier transform infrared spectroscopy and thermogravimetric analysis. The CO2 uptake of these adsorbents was 
under 100% CO2 gas and ambient temperature and pressure conditions. MgO-LPT exhibited a higher Brunauer–
Emmett–Teller surface area, Barrett–Joyner–Halenda pore volume, and pore diameter of 23 m2.g−1, 0.142 cm3.g−1, 
and 24.6 nm, respectively, than those of MgO-TD, which indicated the mesoporous structure of MgO-LPT. The CO2 
uptake capacity of MgO-LPT is 3.79 mmol CO2.g−1, which is 15 times that of MgO-TD. This study shows that the 
application of lime peel as a template for the synthesis of MgO adsorbents is a promising approach to achieve MgO 
adsorbents with enhanced surface area and thus increased CO2 capture performance. 
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1. Introduction 
Conventional CO2 separation methods (such 
as amine absorption) have several limitations, 
including high equipment corrosion rate, high 
regeneration cost, loss of solvent and low CO2 
loading capacity; thus, replacement of these 
methods with other CO2 capture techniques 
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should be considered [1]. In this regard, one of 
the potential replacement methods is adsorp-
tion, which has been reported to possess promis-
ing advantages, for example, durability, easy re-
generation, cost-effectiveness, and high adsorp-
tion capacity of the adsorbents [2,3]. Various ad-
sorbents, such as zeolites, metal oxides, porous 
carbon, silica, metal-organic frameworks and co-
valent organic frameworks can be employed to 
achieve adsorption [4]. Each adsorbent possess-
es unique tuneable morphological and textural 
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properties, which have been extensively stud-
ied to realize maximum CO2 uptake capacity. 
Magnesium oxide (MgO) is a metal oxide adsor-
bent that has been widely investigated for 
achieving a high CO2 uptake capacity due to its 
unique properties including appropriate sur-
face basicity, a high theoretical uptake capacity 
of 24.8 mmol CO2.g−1, easy availability and 
non-toxicity [5,6]. However, the low surface ar-
ea of common MgO results in a low CO2 uptake 
capacity. Thus, numerous studies have been 
conducted to improve the surface area of MgO 
for realizing a high theoretical CO2 uptake ca-
pacity.  
Several fabrication approaches have been 
reported to improve the surface area of MgO, 
most of which involve the utilization of a sur-
factant as a porous generator. The most com-
monly used surfactant is cetyltrimethylammo-
nium bromide [7,8]. Although various surfac-
tants, such as sodium dodecyl sulfate, polyvinyl 
pyrrolidone, symmetric triblock copolymer 
(P123), and cetyltrimethylammonium chloride 
have been used to achieve high-surface-area 
adsorbents surfactant-utilizing methods are 
costly and complex [1,9]. Hence, the utilization 
of biomaterials as template sources for the fab-
rication of high-surface-area adsorbents can be 
a promising approach because biomaterials are 
abundantly available. Furthermore, biomateri-
al templating requires minimal reagents, 
thereby reducing the adsorbent preparation 
cost.  
Many studies have reported the use of bio-
materials, for instance, jute fibers, root hair, 
scallion root, and eggshell membranes [1] as 
templates to improve the physicochemical prop-
erties of metal oxide samples and consequently 
enhance the performances of these samples. 
For instances, Chen et al. has reported on the 
fabrication of the CuO via utilization plant root 
hair as a template [10]. Fabricated root hair-
templated CuO has exhibited unique morpho-
logical features of the double hollow layer 
structure, which has resulted in the improve-
ment of gas sensing performance. Moreover, 
Abarna et al. also reported on the utilization of 
plant-based material as a template which is 
jute fibre in the preparation of mesoporous ZnO 
[9]. It is found that jute fiber-templated ZnO 
has displayed an improvement of structural 
properties as compared to ZnO prepared with-
out jute fiber. This enhanced  ZnO’s structural 
properties have contributed to the high ZnO 
photocatalytic efficiency. There are tremendous 
sources of bio-material that could be used as a 
template in synthesizing metal oxide adsorbent 
such as fruit peel waste. However, the use of 
fruit peel waste, such as: citrus peel as a poten-
tial biomaterial template, has rarely been re-
ported to date.  
Various citrus species fruit peel can be used 
as templates. Each species may possess differ-
ent morphological features. For example,       
although orange (Citrus sinensis) peel, citrus 
(Citrus limetta) peel, and lemon (Citrus limon) 
peel exhibit the same rough surface morpholog-
ical features with numerous porous structures 
but their pore sizes are different. Another 
unique morphological feature of orange peel is 
that some fibrous structures are spread 
throughout its surface [11]. Moreover, citrus 
peel possesses several surface functional 
groups, including carboxyl, alcohol, aldehyde, 
ketone, alkene, amide, ester, and ether groups 
[11]. Thus, utilization of citrus fruit peel with 
interesting morphological characteristic as a 
template in synthesizing MgO is beneficial to-
ward adsorbent physicochemical properties 
and further expected leading to the improve-
ment of adsorbent’s CO2 capture performance.  
In this study, the lime (Citrus aurantifolia) 
peel template was utilized as a template in the 
preparation of mesoporous MgO adsorbent 
(MgO-LPT). The prepared adsorbents were 
characterized using N2 physisorption, Fourier 
transform infrared spectroscopy (FTIR), and 
thermogravimetric analysis (TGA). The CO2 
uptake capacities of the adsorbents were inves-
tigated under pure CO2 and ambient pressure 
and temperature conditions.  
 
2. Materials and Methods 
2.1 Materials 
All chemical reagents, such as magnesium 
nitrate hexahydrate (Mg(NO3)2·6H2O) (99.5%), 
ethylene glycol (C2H6O2) (99.5%), and ammonia 
solution 28% (NH3), used in this study were 
purchased from QREC (Asia) SDN BHD. Lime 
peel was obtained from the local market. 
 
2.2 Preparation of MgO-LPT 
LPT was acquired from lime waste and 
washed three times to remove impurities. The 
LPT was then dried overnight at 110 °C and 
roughly crushed to reduce the template size to 
approximately less than 0.5 mm × 0.5 mm. 
Templating was initiated by weighing 20 g of 
Mg(NO3)2.6H2O and then adding it to 200 mL 
C2H6O2. Subsequently, the mixture was stirred 
for 10 min and sonicated for 10 min to ensure 
the complete dissolution of Mg(NO3)2.6H2O. 
Thereafter, 3 g dried LPT was immersed in the 
abovementioned solution and stirred for 1 h. 
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The pH of the mixture was set to 10 using NH3, 
and the resulting mixture was stirred for an-
other 30 min. The MgO-absorbed LPT was then 
filtered and dried for 1 h at 110 °C. Next, the 
dried MgO-absorbed LPT was calcined at 600 
°C for 4 h and ground to achieve powdered 
MgO-LPT. 
 
2.3 Preparation of MgO-TD   
Mg(NO3)2.6H2O (20 g) was directly calcined 
at 600 °C for 3 h, and then, the calcined residue 
was ground to obtain powdered MgO-TD. 
 
2.4 Characterization 
Surface functional groups of the prepared 
adsorbents were determined by FTIR using a 
Cary 600 series spectrometer in the mid-
infrared range of 400–4000 cm−1. The thermal 
decomposition behavior of the prepared adsor-
bents was evaluated via TGA in the tempera-
ture range of 30–900 °C at a scan rate of 10 °C 
min-1 using PerkinElmer STA 8000. N2 adsorp-
tion-desorption isotherms were acquired using 
a gas sorption analyzer (Quantachrome Instru-
ments, Autosorb IQ, version 3.0) to investigate 
the textural properties of the adsorbents, and 
the data were analyzed using the 3Flex 5.0 
software. 
 
2.5 Measurement of CO2 Adsorption 
CO2 adsorption was measured using a fixed-
bed U-shaped adsorption column equipped with 
a CO2 analyzer (Quantek Instruments Model 
906). The schematic diagram of the CO2 ad-
sorption testing setup was shown in Figure 1. 
Before adsorption, the adsorbent (50 mg) was 
pre-treated at 150 °C for 1 h under nitrogen 
flow (20 mL.min−1) to remove any pre-adsorbed 
atmospheric gases. Next, the adsorption testing 
was conducted on pre-treated adsorbent under 
pure CO2 condition at ambient pressure and 
temperature for 1 h. Subsequently, the adsor-
bent was desorbed under nitrogen flow (20 
mL.min−1) at 150 °C for 30 min. CO2 desorbed 
from the adsorbent was quantified using the 
area under the adsorption-desorption curve. 
The CO2 uptake capacity of the adsorbents was 
calculated using the mean of the results of 
three adsorption-desorption cycles. 
 
3. Results and Discussions 
3.1 Characterization 
FTIR spectra of the prepared adsorbents 
were recorded in the wavelength range of 400–
4000 cm−1. As shown in Figure 2, the spectrum 
of MgO-LPT exhibits several intense absorp-
tion peaks as compared to that of MgO-TD. The 
sharp absorption peak at 3690 cm−1 and broad 
vibration band at 3440–3450 cm−1 are attribut-
ed to the stretching vibration of the hydroxyl 
(−OH) group on the crystal face of the low-
coordination site or defect site and residual wa-
ter, respectively [12,13]. This indicates that 
MgO-LPT possesses more OH groups than 
those of MgO-TD, which can lead to the for-
mation of a large amount of bicarbonate on 
MgO-LPT. The spectra of both adsorbents show 
a peak at 2370 cm−1, which is associated with 
the existence of a CO2 molecule [14]. Compared 
to the case of MgO-TD, the intensity of the 
2370 cm−1 peak of MgO-LPT decreased because 
of the use of high-intensity incident light due 
to the high bond population of MgO-LPT [15]. 
Moreover, the spectrum of MgO-LPT demon-
strates more prominent peaks associated with 
the adsorbed atmospheric CO2 than that of 
MgO-TD. These peaks are located at 870 cm−1, 
1050 cm−1 and 1430–1450 cm−1, and 1655 cm−1, 
which are assigned to the existence of mono-
dentate carbonate, bicarbonate, and bidentate 
Figure 1. Schematic diagram of CO2 adsorp-
tion testing setup. 
Figure 2. FTIR spectra of MgO-TD and MgO-
LPT. 
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carbonate, respectively [12,16–18]. Further-
more, the band at 1120 cm−1 was attributed to 
the ʋ1 symmetric stretching vibration of CO3 2− 
[19]. The more intense peaks corresponding to 
carbonate species in the spectrum of MgO-LPT 
suggest that MgO-LPT possesses more active 
sites, leading to high CO2 uptake capacity. The 
sharp peak at 550 cm−1 observed for MgO-TD 
and the strong peak at 460 cm−1 obtained for 
MgO-LPT corresponds to the stretching vibra-
tion of Mg-O [20,21]. 
As shown in Figure 3(a and b), MgO-TD and 
MgO-LPT demonstrate different decomposition 
behaviors. This might be owing to the different 
chemical compositions of the chemical reagents 
and templates used during the preparation of 
these adsorbents. Both adsorbents exhibited in-
itial weight loss at <200 °C, corresponding to 
the removal of residual moisture; this indicated 
that MgO-LPT had a higher residual moisture 
content than that of MgO-TD. During the sec-
ond degradation stage (250–600 °C), MgO-TD 
showed a higher weight loss of 27 wt% as com-
pared to that of MgO-LPT (only approximately 
9 wt%) (Table 1). This might imply that MgO-
TD possesses more organic residues than those 
of MgO-LPT. During the third stage of degra-
dation, MgO-LPT exhibited more weight loss 
than that of MgO-TD, probably because of the 
removal of carbon residue, also known as fixed 
carbon, from the template. As MgO-LPT was 
prepared at 600 °C, a small amount of fixed 
carbon was still present in it as fixed carbon re-
mains stable at high temperatures (700 °C) 
[11]. 
N2 adsorption-desorption measurements 
were carried out to investigate the structural 
properties of the adsorbents. Figure 4(a and b) 
Figure 3. TGA/DTG curve of a) MgO-TD and b) MgO-LPT. 
Adsorbent 
Weight loss (wt%) Total weight loss 
(wt%) <200 °C –600 °C >600 °C 
MgO-TD 9 27 2 38 
MgO-LPT 14 9 11 34 
Table 1. Summary of the thermal decomposition behaviors of MgO-TD and MgO-LPT. 
Figure 4. N2 adsorption-desorption isotherm of a) MgO-TD and b) MgO-LPT. 
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show that both adsorbents exhibit type IV iso-
therms with H3 hysteresis loops. This implies 
that the adsorbents mainly contain mesopores, 
and the pores are mostly disordered slit pores 
resulting from the stacking of sheets or parti-
cles [22]. The hysteresis loops of the isotherms 
of both adsorbents were observed in the P/Po 
range of 0.45–1.0. Due to the LPT, the specific 
surface area of MgO-LPT increased (23 m2.g−1) 
as compared to that of MgO-TD (only 13 
m2.g−1). Moreover, the Barrett − Joyner − 
Halenda pore volume and pore diameter of 
MgO-LPT increased as compared to those of 
MgO-TD (Table 2). Thus, the LPT bio-
templating improved the structural properties 
of MgO-LPT and thereby led to the high CO2 
uptake capacity of MgO-LPT. This surface area 
enhancement resulted from the utilization of 
citrus fruit peel as a template also observed in 
several studies reported [23,24]. For instances, 
Zhao et al. has reported in the synthesizing of 
the hierarchically porous LaFeO3 sample from 
the pomelo peel as a template [23]. It is found 
that the LaFeO3 sample exhibited enhanced 
textural properties than the LaFeO3 sample 
prepared without pomelo peel as a template. 
Thus, this enhanced textural property has re-
sulted in better catalytic performance than an-
other prepared sample. This revealed that the 
utilization of bio-material such as citrus fruit 
species as a template could improve the adsor-
bent’s structural properties, which consequent-
ly influence its performance. 
 
3.2 CO2 Uptake Capacity 
CO2 uptake capacity was examined under 
CO2 gas and ambient conditions to evaluate 
the relationship between the structural proper-
ties and uptake performance. As shown in   
Figure 5, MgO-LPT demonstrated a CO2 up-
take capacity of 3.79 mmol CO2.g−1, which was 
15 times that of MgO-TD. This was attributed 
to the enhanced surface area of MgO-LPT. The 
Adsorbent Surface area (m2.g−1) Pore volume (cm3.g−1) Pore diameter (nm) 
MgO-TD 13 0.065 19 
MgO-LPT 23 0.142 25 
Table 2. Textural properties of MgO-TD and MgO-LPT. 
Figure 5. CO2 uptake capacity of MgO-TD and 
MgO-LPT. 














13 0.065 298 0.247 This work 
MgO-LPT Lime peel biotem-
plating 
23 0.142 298 3.79 This work 
MgO Double-replicate 250 0.53 298 1.82 [28] 
MgO Precipitation 
method 
331 0.575 298 1.56 [29] 
MgO Aerogel method 686 2.11 303 2.34 [30] 
MgO-A Sol-gel method 350 0.414 303 0.681 [31] 
MgO-O Sol-gel method 149 0.598 303 0.568 [31] 
MgO-N Sol-gel method 124 0.546 303 0.545 [31] 
Table 3. Textural properties and CO2 uptake capacities of the MgO adsorbents fabricated by various 
methods. 
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increased surface area of an adsorbent can 
cause the exposure of more active sites, thus 
promoting the attachment of more CO2 [1,25]. 
This correlation between enhanced adsorbent’s 
surface area and CO2 uptake capacity also ob-
served in several studies reported. For instanc-
es, Guo et al. has successfully fabricated MgO 
adsorbents through different preparation meth-
od [22]. It is found that each preparation meth-
od has resulted in different morphological fea-
tures. The MgO adsorbent prepared via solid-
state chemical reaction (MgO-SR) has exhibited 
a sheet-like with higher surface area compared 
to other prepared samples, which consequently 
increase the adsorbent’s surface-active site. 
This MgO-SR’s structural properties enhance-
ment has contributed to the higher CO2 uptake 
capacity than those of prepared MgO adsor-
bent. 
In addition, although MgO-LPT has the 
smallest surface area than those of the other 
MgO adsorbents reported in the literature 
(Table 3), it still exhibits the highest CO2 up-
take capacity per surface area (0.165 
mmol.m−2) as compared to those of the other 
MgO adsorbents. This may be because of the 
presence of rich surface defects on MgO-LPT. 
This LPT bio-templating might contribute to 
the generation of point defects such as cationic 
vacancies and low-coordination anionic sites. 
The corner, step, and edge sites are the low-
coordination anionic sites of MgO, which are 
highly polarizable [26] and exhibit high Lewis 
basicity. The Lewis basicity is the ability of the 
adsorbent surface to donate an electron pair to 
the CO2 (Lewis acid) molecule and form a car-
bonate species [27]. This supported the FTIR 
results, that is, the spectrum of MgO-LPT ex-
hibited more bands corresponding to the car-
bonate species than those of MgO-TD. It can be 
concluded that MgO-LPT possesses higher sur-
face reactivity, which results in the easy ad-
sorption of atmospheric CO2, than that of MgO-
TD. 
 
4. Conclusions  
In this study, mesoporous MgO-LPT was 
successfully fabricated using the LPT as a tem-
plate. The utilization of LPT has demonstrated 
the enhancement of adsorbent’s structural 
properties, which MgO-LPT exhibited a higher 
specific surface area and pore volume as com-
pared to MgO-TD. The improved MgO-LPT sur-
face area has contributed to the high CO2 up-
take capacity of 3.79 mmol CO2.g−1, which is 
15-times that of MgO-TD. In addition, even 
though the surface area of MgO-LPT is the 
smallest as compared to those of several previ-
ously reported MgO adsorbents, the CO2 up-
take capacity of MgO-LPT was the highest 
than those of the other MgO adsorbents. 
Therefore, this study reveals that lime (Citrus 
aurantifolia) peel is a promising, inexpensive 
template source for the synthesis of mesopo-
rous MgO with high CO2 uptake capacity. 
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